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INVESTIGATING HYPER-INFLATED M DWARFS IN ECLIPSING
BINARY SYSTEMS
BRIAN F HEALY
ABSTRACT
We study two eclipsing binary systems (EBs), NSVS 07394765 and T-Lyr0-08070,
each containing an M dwarf which published literature claims has a radius far larger
than expected physical limitations. In order to test these claims of “hyper-inflation,”
we look to Modules for Experiments in Stellar Astrophysics (MESA) stellar models
and a new data analysis based on light curves from the Wide Angle Search for Planets
(WASP). We also analyze new radial velocity data points from the Immersion Grating
Infrared Spectrograph (IGRINS) and compare the results with published values.
MESA models cast doubt on the hypothesis that each EB is a young, still-collapsing
proto-stellar system, and a literature review rules out the possibility that convection-
inhibiting magnetic activity is the cause. Our new data analysis reveals that neither
M dwarf is hyper-inflated, and that the likely cause of the initial results is the use of
Hydrogen-α spectroscopy.
2
Contents
1 Eclipsing Binaries 1
1.1 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Solving EBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2.1 Mass Calculation . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.2 Radius Calculation . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.3 Temperature Ratio . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2 M Dwarfs 8
2.1 Basic Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Inflated M Dwarfs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.1 MESA Models . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3 Observations 14
3.1 Photometric Observations . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2 Spectroscopic Observations . . . . . . . . . . . . . . . . . . . . . . . . 18
4 Analysis and Results 21
4.1 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.1.1 IGRINS Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3
4.2.1 IGRINS RVs . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5 Discussion 33
5.1 Eclipse Fitting Discrepancies . . . . . . . . . . . . . . . . . . . . . . . 33
5.2 Radial Velocity Details . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
References 38
4
List of Tables
3.1 List of WASP eclipse observations for each system. . . . . . . . . . . 17
3.2 List of IGRINS spectroscopic observations for NSVS 0739. . . . . . . 20
4.1 Radial velocity semi-amplitudes and system velocity derived from
C¸akırlı data and Muirhead model. . . . . . . . . . . . . . . . . . . . . 24
4.2 Eclipsing binary system parameters derived from Muirhead model. . . 25
4.3 Eclipsing binary system parameters derived from Han model. Some
uncertainties have been adopted from the Muirhead model. . . . . . . 26
4.4 New barycenter-corrected NSVS 0739 radial velocities calculated from
IGRINS H-band spectra. . . . . . . . . . . . . . . . . . . . . . . . . . 26
5
List of Figures
2.1 Plot of stellar radius versus mass in solar units showing the inflating
effect of reduced convective efficiency (smaller α) on stellar radius. . . 11
2.2 MESA model results for the two stars in NSVS 0739. The horizontal
lines indicate the published radii for the primary (blue) and secondary
(red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 MESA model results for the two stars in T-Lyr0. Once again, the
horizontal blue line is the published primary radius and the red is the
secondary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.1 Picture of WASP fork mount and its eight cameras. This setup allows
for wide-angle observations of millions of stars at once. . . . . . . . . 15
3.2 Phase-folded WASP light curve containing for NSVS 0739. Eclipses
are well-defined, but there are extraneous eclipse data points with a
relative flux of around 1. . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3 Phase-folded WASP light curve for T-Lyr0. The primary eclipse causes
only about a 5% reduction of the system’s flux. . . . . . . . . . . . . 18
3.4 Example IGRINS 12th-order H-band spectrum for NSVS 0739. The
double-lined nature of this binary system is apparent in the dual fea-
tures at 1.645 and 1.649 µm. . . . . . . . . . . . . . . . . . . . . . . . 19
4.1 Primary and secondary RV fits using C¸akırlı data points for NSVS
0739. Squares represent primary RVs, and diamonds secondary. . . . 23
6
4.2 Primary and secondary RV fits for T-Lyr0. . . . . . . . . . . . . . . . 24
4.3 Primary and secondary eclipse fits for NSVS 0739 using Han model.
Model is plotted in red over blue data points. Residuals are in the
lower panels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.4 Light curve fit for NSVS 0739 using Muirhead model. . . . . . . . . . 27
4.5 Primary and secondary eclipse fits for T-Lyr0 using Han model. . . . 28
4.6 Light curve fit for T-Lyr0 using Muirhead model. . . . . . . . . . . . 29
4.7 Primary eclipse light curve from UT Feb. 1, 2017. The Gaussian fit
is in red, with the blue dotted line denoting the derived ephemeris. . 30
4.8 Cross-correlation function for the first NSVS 0739 data point using an
M0 spectral template. Red lines indicate the two peaks of the CCF. . 31
4.9 Cross-correlation function for the second NSVS 0739 data point. . . . 31
4.10 Radial velocity fit to the two IGRINS data points (primary in orange,
secondary in green). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.1 Hα image of the Sun from the NASA SOHO spacecraft showing the
chromosphere. The optical thinness of the chromosphere leads to a
limb-brightened surface in this wavelength. . . . . . . . . . . . . . . . 35
7
8
1Chapter 1
Eclipsing Binaries
Eclipsing binary star systems (EBs) contain two stars whose eclipses of one
another are visible along the earth’s line of sight. They are a special case of spectro-
scopic binaries in which a fortunate alignment allows eclipses to be seen in addition to
the Doppler shift from the stars’ orbits. Analysis of the radial velocities and eclipses
of such systems allows for the mass, radius, and by extension the temperature of each
individual star to be determined, making EBs a valuable tool for stellar astronomy.
1.1 History
The history of EBs dates back more than a century. Noting that supposed
inconsistencies among the light curves of different variable stars were “only a matter
of accurate observations,” Shapley (1912a) proposed to re-classify these and any
stars whose variability could be explained by eclipses under the unifying category
of “eclipsing variables.” In the same year, Russell (1912b,c) laid the groundwork
for solving for both an EB system’s orbital elements (semi-major axis, eccentricity,
period, etc.) and “eclipse elements,” including the radius and brightness of each
component star. The dearth of spectroscopic data during this time limited most
EB studies to photometric observations, which could not yield the full solution of
the system (e.g. Russell 1912a; Shapley 1912b; Dugan 1916). Still, Plaskett (1920)
obtained radial velocities (RVs) for both stars in the system U Ophiuchi and combined
2these with eclipse observations to obtain a full solution of stellar parameters, although
he noted that “The lines of the spectrum are rather wide and are diffuse and faint,
lacking in contrast.”
As the decades passed, observational technology began to improve. Electrical
instruments such as the photomultiplier began to enjoy widespread use in EB studies
(e.g. Kron & Gordon 1943; Huffer & Eggen 1947). The quality of spectroscopic data
also took steps forward as shown by an influx of publications quoting at minimum
the primary RVs of dozens of EBs (e.g. Struve 1946a,b; Chang 1948). The use of
the photometer as the primary means of observing stellar eclipses continued until the
introduction of the Charge Coupled Device (CCD), which dramatically improved on
the former technology’s sensitivity and precision (Jensen & Jorgensen, 1985; Jensen
et al., 1988). The advent of space-based telescopes, including the Hubble Space
Telescope and the Kepler spacecraft, have provided additional high-precision EB
photometry without the interference of the earth’s atmosphere (Koenigsberger et al.,
2000; Southworth, 2012).
1.2 Solving EBs
Not all EBs offer the same wealth of information about their component stars.
In order to obtain full information about EB components, photometric observations
of the primary and secondary eclipses must be combined with radial velocities derived
from spectroscopic observations of the system. An EB for which these observations
are all available is known as an SB2/EB2 system: the spectral lines of both stars
can be observed, as can both of the eclipses. Systems that have a star dominating
in brightness or size might not be fully solvable because one element of the essential
observations, such as the secondary eclipse or spectrum, cannot be detected. Both
of the EBs in this thesis are SB2 and EB2.
31.2.1 Mass Calculation
With full spectroscopic and photometric data in hand, one can invoke the laws
of physics to solve for the EB’s components. With the line-of-sight radial velocity
semi-amplitude of each star, vr1 and vr2, conservation of linear momentum requires
that
M1
M2
=
v2
v1
=
vr2 sin i
vr1 sin i
, (1.1)
where i is the inclination of the system, and v1 and v2 are the absolute stellar radial
velocity semi-amplitudes that would be obtained by correcting for the projection of
the stars’ motion along the line of sight. For this step, the inclination of the system
need not be known.
Thus, the mass ratio M1
M2
of the two stars is quickly acquired. To get the to-
tal system mass and thereby solve for the individual masses, one begins with the
statements
Pv1 = 2pia1
Pv2 = 2pia2.
(1.2)
These equations state that in the time of one orbital period P , moving at their
respective speeds v1 and v2, each star traces out a circle whose radius is the distance
of that star from the system’s barycenter (a1 and a2). The circular orbit assumption
holds true for many EBs, since tidal forces acting on each star have circularized the
orbits over the lifetime of the system.
The following equation results from adding together the statements in Eq. 1.2:
a = a1 + a2 =
P
2pi
(v1 + v2), (1.3)
4where a is the constant distance of separation between the two stars as they orbit
the barycenter. This equation can be used in Newton’s form of Kepler’s Third Law,
P 2 =
4pi2a3
G(M1 +M2)
, (1.4)
to relate the sum of the stars’ masses to their radial velocities:
P 2 =
P 3(v1 + v2)
3
2piG(M1 +M2)
. (1.5)
Re-introducing the system’s inclination to the equation and simplifying, the result is
M1 +M2 =
P
2piG
(vr1 + vr2)
3
sin3 i
. (1.6)
The sum of the masses can now be determined, and using this value in combi-
nation with the mass ratio will yield the individual mass of each star. The caveat is
that the inclination of the system must be known for the full solution of the masses
to be obtained. Fortunately for EBs, the inclination must be close to 90◦ in order
for eclipses to be visible, and it can also be determined from the light curve.
1.2.2 Radius Calculation
The radius of each star in an EB can be determined from photometric eclipse
observations in the form of a light curve showing flux versus time. To understand the
simplest case of using a light curve to derive radii, picture an exoplanet transiting
its host star. When the planet eclipses its star, the observed flux from the system
will steadily decrease as part of the star’s light is blocked. Let the timestamp at
which the flux begins to decrease be t1. While the entire disk of the planet is in
front of the star, the observed flux will be at a constant, diminished level (ignoring
limb darkening). Let the timestamp at which the flux stops decreasing be t2. When
5the planet begins to emerge from the other side of the star, the flux will begin to
increase, returning to its pre-eclipse value. Let this timestamp be t3.
In the case of an exoplanet transiting its host star, the projection of the sys-
tem’s motion during the entire eclipse will be uniform motion in opposite directions.
Therefore, the planet and star will be moving at a relative velocity vrel = v1 + v2,
assuming that speeds are nonrelativistic. The time it takes the planet to cross the
entire disk of the star is t3−t1, and the time it takes for the planet to completely cross
one limb of Star A is t2 − t1. With a constant relative velocity and the appropriate
time intervals pertaining to the diameter of each star, the planetary and stellar radii
can now be calculated:
Rstar =
vrel
2
(t3 − t1)
Rplanet =
vrel
2
(t2 − t1)
(1.7)
Of course, these equations assume that the radial velocities of the system are
known. If they are not, then the radii can only be calculated in ratio to a, the
distance of separation between the star and planet. Recalling Eq. 1.3,
vrel = v1 + v2 =
2pia
P
. (1.8)
Substituting this relationship into Eq. 1.7,
a
Rstar
=
P
pi(t3 − t1)
a
Rplanet
=
P
pi(t2 − t1)
(1.9)
When extrapolating this method to EBs, this simple example becomes more
complex. Since the “exoplanet” in the system is star-sized, the observed eclipses
are more likely to be grazing events from which the radii of the stars would be
underestimated using the above approach. Instead, one must analyze the shape of
6the light curve during the beginning of the eclipse using a model of stellar eclipses.
A good fit to the curve will yield accurate radius ratios for both stars along with the
inclination.
1.2.3 Temperature Ratio
When primary and secondary eclipses are visible, it becomes possible to compute
the temperature ratio of the two stars. Suppose that ∆Fpri is the decrease in flux
during the primary eclipse (when the hotter star, star 1, is blocked), and ∆Fsec is
the decrease in flux during the secondary eclipse (when the cooler star, star 2, is
blocked). By the Stefan-Boltzmann Law, F = σT 4, and so the temperature ratio of
the two stars is defined by the fourth root of the ratio of stellar fluxes:
T2
T1
= 4
√
∆Fsec
∆Fpri
(1.10)
This equation underscores the importance of not only having observations of the
eclipses themselves, but also obtaining baseline out-of-eclipse measurements in order
to determine the change in flux. In the limit of a star-exoplanet system where the star
emits far more light than the planet, the secondary eclipse will be nearly invisible,
and so ∆Fsec is approximately zero. Thus, the right-hand side of Equation 1.10 will
go to zero, correctly stating that the star is far hotter than its planet.
Once the temperature ratio has been found, assumptions about stellar spectra
make it possible to infer the individual temperature of each star. This process requires
fitting a blackbody model to a star’s observed spectrum. It is important to note that
unlike the mass, radius and temperature ratio, the individual stellar temperatures
are not directly acquired from observations. Also, not all stars are well-approximated
by a blackbody: for M dwarfs, whose spectra contain complex molecular absorption
7lines, any individual temperature inferred in this manner is a less accurate result
than the other calculated quantities.
1.3 Conclusion
EBs for which primary and secondary stellar spectra and primary and secondary
eclipses can be seen are valuable to stellar astronomy because they allow an observer
to calculate the mass, radius and temperature ratio of the stars in the system without
any other parameters (such as distance). Although useful for all types of stars,
EBs particularly benefit the study of small, faint stars like M dwarfs, for which
interferometric radius measurements are difficult. Chapter 2 discusses more details
about M dwarfs, including recent results that break from an established trend.
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M Dwarfs
2.1 Basic Parameters
The faintest and coolest stars in the Milky Way make up for their dimness with
their sheer number: around 70% of the galay’s stars are M dwarfs. These stars have
a temperature range of 2300-3800 K, a mass range of ∼0.075-0.60 M, and a radius
range of 0.08-0.62 R (Kaltenegger & Traub, 2009). Since the maximum luminosity
of an M dwarf is less than 10% that of the sun, it is difficult to learn much about
M dwarfs when they are isolated in space. When their presence is observed within
an eclipsing binary (EB), however, the opportunity to learn about both stars in the
system greatly increases.
2.2 Inflated M Dwarfs
Once an M dwarf is on the main sequence, its radius tends to be a linear
function of its mass such that the ratio of radius to mass R
M
in solar units that is
roughly unity (Mann et al., 2015). For magnetically active M dwarfs, however, this
linear relationship does not apply: a strong magnetic field determines the motion
of charged particles because they cannot easily cross the field lines (e.g. (Makita,
1958)). As a result, the magnetic field disrupts stellar convection cells that otherwise
9would make up the entirety of a low-mass (0.3-0.4 M) M dwarf. Chabrier et al.
(2007) describe the convective process in terms of a “mixing length parameter” α:
α =
l
Hp
, (2.1)
where l is the average distance that a convective cell travels before breaking up, and
Hp is the pressure scale height of the star. As α decreases, convection occurs at a
reduced efficiency. According to Chabrier et al., as convection becomes less efficient,
the radius of the star increases: the star becomes “inflated” (Figure 2.1). Lowered
convective efficiency requires more energy to be transported to the stellar surface
through radiation, and this dependence on radiation leads to a steeper temperature
gradient, lowering the star’s effective temperature Teff . Since the star’s constant
luminosity L is related to the radius R and temperature T by L = 4piR2σT 4, the
drop in Teff leads to a corresponding rise in R. Even in the most magnetically active
M dwarfs at 0.5 M or less, however, this process is not theorized to inflate stellar
radii beyond around 25% of their non-inflated counterparts.
Contrary to this theory are two papers that claim to have discovered hyper-
inflated M dwarfs for which the R
M
ratio is far greater than models would predict,
even after considering the effects of a strong magnetic field. The two M dwarfs in
question are listed to have values of 0.50 R and 0.18 M for the system NSVS
07394765 (C¸akırlı, 2013) and 0.86 R and 0.32 M for T-Lyr0-08070 (C¸akırlı et al.,
2013). These systems will subsequently be referred to as NSVS 0739 and T-Lyr0.
These radii and masses mean that R
M
for each system respectively is 2.78 and 2.69,
which both deviate significantly from the expected unity.
The interpretation of these results can take two forms: the first is that the
inflated stars are a result of faulty data collection or analysis, and that a new analysis
of each system with independent data and models will reveal the M dwarfs to be
10
closer to the expected radius for their mass. For example, Fernandez et al. (2009)
performed an earlier analysis on T-Lyr0 and found that the secondary R
M
ratio fell
between 1 and 1.08, although these results were dependent on the metallicity of the
system. The second interpretation of the C¸akırlı results, however, is that the M
dwarfs in question are indeed inflated beyond model predictions, and therefore they
are unique objects meriting further study. For an M dwarf to be as inflated as the
C¸akırlı et al. results suggest, it would either have to be a nascent star that is in the
process of contracting, or the result of an unknown mechanism. Such a star would
offer valuable information about the evolutionary track of M dwarfs, as shown by
Kraus et al. (2015), who discovered two young EB M dwarfs with ages of around 11
Myr.
2.2.1 MESA Models
Operating on the assumption that the C¸akırlı M dwarfs are indeed young stars
still in the process of contracting, we can make an initial inquiry using MESA: Mod-
ules for Experiments in Stellar Astrophysics (Paxton et al., 2011). This software
simulates the formation of a star given arbitrary initial conditions, returning arrays
of stellar parameters as a function of time. By taking the final radius of each modeled
star and plotting it as a function of stellar mass, we obtained a graphical result of the
mixing length theory described in Section 2.2 (Figure 2.1). By providing MESA with
the initial mass of each star in the C¸akırlı systems, we also obtained evolutionary
tracks that describe each star’s radius as a function of age. Figures 2.2 and 2.3 show
the results of running MESA for each EB.
In Figures 2.2 and 2.3, the two tracks represent the evolution of each star’s
radius as a function of its age. The blue line shows the primary star’s published
radius, and the red line shows the same information for the secondary. If the C¸akırlı
11
Fig. 2.1 Plot of stellar radius versus mass in solar units showing the inflating effect
of reduced convective efficiency (smaller α) on stellar radius.
results are physically accurate, then the blue line and red line should intersect with
their corresponding tracks at roughly the same age, since binary stars are theorized
to form contemporaneously. Instead of this, the horizontal lines intersect with their
tracks at different ages: for NSVS 0739, the difference between the primary and
secondary ages is around 20 million years. For T-Lyr0, the age difference is possibly
within 1 million years, but according to MESA the primary F star experiences a
slight increase in radius at around the 10 million year age, meaning that there are
multiple points in its evolution for which it can have the published radius. Depending
on which intersection of the blue dotted line with the blue solid line in Fig 2.3 we are
looking at, the age difference could be as much as 5 million years. From Kippenhahn
& Weigert (1994), the free-fall time of a spherical cloud of mean initial mass density
12
Fig. 2.2 MESA model results for the two stars in NSVS 0739. The horizontal lines
indicate the published radii for the primary (blue) and secondary (red).
ρ is
tfreefall =
√
3pi
32Gρ
, (2.2)
where G is Newton’s gravitational constant. Here we are neglecting pressure forces
and only considering gravity. Consider a cloud with a mean initial density of 1000
times the local solar system number density of 1 cm−3. If we assume that the particles
are all protons, then the mean mass density of the cloud ρ in MKS units is 1.67 ×
10−18 kg m−3. The free-fall time for this cloud’s collapse is roughly 1.6 million years
using these estimates. Therefore, it is unlikely that anything on the order of 1 million
years could separate the formation of two stars forming from the same collapsing gas
cloud, since the collapse would already be nearing completion upon the second star’s
“formation.”
13
Fig. 2.3 MESA model results for the two stars in T-Lyr0. Once again, the horizontal
blue line is the published primary radius and the red is the secondary.
2.3 Conclusion
For each system, the MESA models suggest that the C¸akırlı results cannot
immediately be explained by a young, still-contracting system. Magnetic activity
leading to decreased convective efficiency and a larger radius cannot inflate either
secondary star to the extent that the papers suggest. The stars also should have
formed at a much closer time separation than the millions of years indicated by
MESA. Since we have cast doubt on the known physical mechanisms to explain each
M dwarf’s hyper-inflation, we pivot to the re-analysis of each system with new data.
14
Chapter 3
Observations
3.1 Photometric Observations
The accumulation of independent EB data began with a search of public sources.
This search yielded usable data from the Wide Angle Search for Planets (WASP) for
both systems (Street et al., 2003). WASP is made up of two continuously-operating
robotic observatories, one located on La Palma, Canary Islands, Spain and the other
near Sutherland, South Africa. Each observatory is equipped with eight 200 mm,
f/1.8 camera lenses attached to 2048 x 2048 pixel CCDs (Figure 3.1). These cameras,
all installed on a motorized fork mount, offer a 7.8◦ x 7.8◦ field of view, allowing
WASP to observe millions of stars at once. WASP’s primary goal is to observe
planetary transits, but the setup also provides an opportunity to detect non-planetary
optical transients.
We accessed the NASA Exoplanet Archive to download WASP data for each
system (Akeson et al., 2013). For NSVS 0739, which contains two M dwarfs, Figure
3.2 shows that WASP clearly detected both eclipses for the system. There were some
data points that maintained a relative flux value close to 1 despite having a phase
corresponding to an eclipse. The treatment of such extraneous points is discussed
in Chapter 4. WASP data for NSVS 0739 was a useful starting point for the data
analysis process.
15
Fig. 3.1 Picture of WASP fork mount and its eight cameras. This setup allows for
wide-angle observations of millions of stars at once.
16
Fig. 3.2 Phase-folded WASP light curve containing for NSVS 0739. Eclipses are well-
defined, but there are extraneous eclipse data points with a relative flux of around
1.
We also found WASP data for T-Lyr0, which contains a primary F-type star
to go along with its M dwarf secondary, but the eclipses are far less prominent than
the previous system. Figure 3.3 shows that the primary eclipse only results in about
a 5% decrease in flux from the system. The shallow eclipses are likely a result of a
system inclination that is not close to 90◦, leading to grazing eclipses that cause only
small changes in observed flux. See Table 3.1 for the details of each system and its
WASP observations.
We also obtained one new NSVS 0739 primary eclipse observation on UT Feb.
1, 2017, made by Tom Polakis using a 31 cm telescope and reduced by Lowell Ob-
servatory’s Brian Skiff.
17
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Fig. 3.3 Phase-folded WASP light curve for T-Lyr0. The primary eclipse causes only
about a 5% reduction of the system’s flux.
3.2 Spectroscopic Observations
The need to use a spectrograph for long periods of uninterrupted time to get
radial velocities made spectroscopic observations more difficult to obtain. In spite of
this, we were able to use IGRINS (Immersion Grating Infrared Spectrograph, Park
et al., 2014; Prato, 2017) and the Discovery Channel Telescope to obtain spectra for
NSVS 0739 at two different time points. The observations were made by Eunkyu
Han. IGRINS provides near-infrared high-resolution spectroscopy between 1.45 and
2.45 µm, covering the H and K wavelength bands. See Figure 3.4 for an example
H-band spectrum. Given that the orbital period of NSVS 0739 was on the order of
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Fig. 3.4 Example IGRINS 12th-order H-band spectrum for NSVS 0739. The double-
lined nature of this binary system is apparent in the dual features at 1.645 and 1.649
µm.
two days, useful observations only needed to be separated by a few hours. Table 3.2
details the observations.
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Table 3.2. List of IGRINS spectroscopic observations for NSVS 0739.
Universal Date Target Universal Time
(1) (2) (3)
Nov. 10, 2016 NSVS 07394765 8:37:15
Nov. 10, 2016 NSVS 07394765 10:25
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Chapter 4
Analysis and Results
4.1 Analysis
We corrected the WASP data for flare-induced high data points and clearly
erroneous in-eclipse data points by setting the high points to equal the median flux
level and completely removing the in-eclipse points. We then ran the light curves
and C¸akırlı et al. radial velocity measurements for each system through eclipsing
binary models that generated simulated forms of these two data sets. One model
is based on the work of Irwin et al. (2011) and runs using code written by Eunkyu
Han (Han et al., in prep.). The other was written by Philip Muirhead and provided
radial velocity fits as well as a check on the other model’s photometric fitting, albeit
without second-order considerations such as stellar limb-darkening parameters.
Figures 4.1 and 4.2 show the results of fitting the Muirhead radial velocity model
to the published data points. Figures 4.3-4.6 show the photometric fits to the WASP
data using both the Han and Muirhead models.
We also calculated an ephemeris from the single new NSVS 0739 primary eclipse
by fitting a Gaussian to it (Figure 4.7). We found the ephemeris to be 2457785.755218
HJD. While this ephemeris was not precise enough to use for the light curves from
several years ago, it was useful for the following IGRINS radial velocity analysis.
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4.1.1 IGRINS Analysis
Although we used the published C¸akırlı radial velocities in our model fitting,
we performed a separate analysis of IGRINS spectra with the intent to compare
the new results with the published ones. The first step of this analysis involved
sending the raw data through the IGRINS pipeline in order to reduce it. After this,
we required an additional processing step in which we used a calibration A0 star
to correct for atmospheric telluric lines that would have skewed the radial velocity
measurement. This correction was done using the Spextool data reduction software
(Cushing et al., 2004), worked out for IGRINS data by Aurora Kesseli. We performed
a cross-correlation between an M0-type template spectrum and spectral orders 8-14 of
our data to find the radial velocity of both stars in the system (Figures 4.8-4.9). The
cross-correlating procedure was written by Eunkyu Han. We obtained uncertainties
on the RVs by performing the cross-correlation with each order independently and
taking a standard deviation of the results.
To obtain orbital phase, we used the new ephemeris from the UT Feb. 1, 2017
observation. We did not use the K data from IGRINS because the cross-correlation
functions were not as definitive in this band. To account for the motion of the earth
around the sun, we performed a barycentric correction using the work of Wright &
Eastman (2014).
4.2 Results
Using least-squares fitting to minimize the disagreement between model and
data, we found the optimal masses and radii of the stars in each EB system. Tables
4.1-4.3 present the parameters of each EB as derived by the Muirhead and Han
models.
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Fig. 4.1 Primary and secondary RV fits using C¸akırlı data points for NSVS 0739.
Squares represent primary RVs, and diamonds secondary.
The R
M
ratio for NSVS 0739 is now 3.42 for the Han model and 3.90 for the
Muirhead model. For T-Lyr0, the new R
M
ratio is 0.82 and 0.91 for the Han and
Muirhead models, respectively. While NSVS 0739 has an inclination of nearly 90◦ in
both models, T-Lyr0 has a more grazing inclination around 78◦.
4.2.1 IGRINS RVs
Our analysis of the IGRINS spectra yielded new RV data points for each EB,
allowing us to compare new results with the published C¸akırlı RVs. Table 4.4 provides
the exact numbers that we calculated.
Although we only had two new data points for NSVS0739, we performed RV
fitting on the points by fixing the eccentricity and ephemeris to get estimates of the
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Fig. 4.2 Primary and secondary RV fits for T-Lyr0.
Table 4.1. Radial velocity semi-amplitudes and system velocity derived from
C¸akırlı data and Muirhead model.
Parameter NSVS 0739 T-Lyr0
(1) (2) (3)
K1 (km/s) 29.7± 1.8 45.3± 1.3
K2 (km/s) 94.1± 3.0 182.9± 4.9
γ (km/s) 6.6± 1.3 −29.8± 1.3
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Fig. 4.3 Primary and secondary eclipse fits for NSVS 0739 using Han model. Model
is plotted in red over blue data points. Residuals are in the lower panels.
Table 4.2. Eclipsing binary system parameters derived from Muirhead model.
Parameter NSVS 0739 T-Lyr0
(1) (2) (3)
R1 0.441± 0.003 R 1.454± 0.044 R
R2 0.410± 0.005 R 0.264± 0.066 R
M1 0.337± 0.048 M 1.165± 0.125 M
M2 0.105± 0.011 M 0.291± 0.026 M
F2
F1
0.662± 0.006 0.10± 0.06
i 90.0± 4.0◦ 78.0± 3.2◦
P 2.26560± 0.00001 days 1.1848± 0.00001 days
T0 2454573.52418± 0.0001 HJD 2455443.375± 0.0060 HJD
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Table 4.3. Eclipsing binary system parameters derived from Han model. Some
uncertainties have been adopted from the Muirhead model.
Parameter NSVS 0739 T-Lyr0
(1) (2) (3)
R1 0.427± 0.003 R 1.729± 0.164 R
R2 0.417± 0.005 R 0.256± 0.064 R
M1 0.305± 0.048 M 1.266± 0.125 M
M2 0.122± 0.011 M 0.314± 0.026 M
F2
F1
0.556± 0.011 0.10± 0.06
i 89.6± 4.0◦ 78.6± 3.2◦
P 2.26560± 0.00001 days 1.18480± 0.00001 days
T0 2454573.4994± 0.0001 HJD 2455443.3662± 0.0060 HJD
Table 4.4. New barycenter-corrected NSVS 0739 radial velocities calculated from
IGRINS H-band spectra.
Band HJD Phase Primary RV (km/s) Secondary RV (km/s)
(1) (2) (3) (4) (5)
H 2457702.86899 0.415 −85.23± 3.28 8.68± 2.75
H 2457702.94268 0.448 −66.98± 2.01 −9.81± 2.75
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Fig. 4.4 Light curve fit for NSVS 0739 using Muirhead model.
full RV curves. Figure 4.10 shows the results of this fitting. The parameters of the
fits were: K1 = 91.3 ± 15.8 km/s, K2 = 92.7 ± 14.3 km/s, γ = −38.6 ± 5.9 km/s.
These parameters correspond to the following primary and secondary masses and
radii: M1 = 0.675M, M2 = 0.665M, R1 = 0.633R, R2 = 0.604R.
The R
M
ratios for the primary and secondary in this system are now 0.94 and
0.91. The high uncertainties of the IGRINS radial velocity fits come from the fact
that we only have two nearby data points that are close to the zero-velocity phase of
0.5. This uncertainty will propagate to the revised masses and radii. We discuss our
confidence in the new masses and radii, along with a possible cause for the initial
hyper-inflated results, in Chapter 5.
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Fig. 4.5 Primary and secondary eclipse fits for T-Lyr0 using Han model.
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Fig. 4.6 Light curve fit for T-Lyr0 using Muirhead model.
30
Fig. 4.7 Primary eclipse light curve from UT Feb. 1, 2017. The Gaussian fit is in
red, with the blue dotted line denoting the derived ephemeris.
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Fig. 4.8 Cross-correlation function for the first NSVS 0739 data point using an M0
spectral template. Red lines indicate the two peaks of the CCF.
Fig. 4.9 Cross-correlation function for the second NSVS 0739 data point.
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Fig. 4.10 Radial velocity fit to the two IGRINS data points (primary in orange,
secondary in green).
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Chapter 5
Discussion
5.1 Eclipse Fitting Discrepancies
The results of fitting both the Han and Muirhead eclipse models to the WASP
data and original radial velocities show discrepancies with the C¸akırlı stellar proper-
ties. For NSVS 0739, the R
M
ratio increased from the initial value of 2.78. For T-Lyr0,
this ratio decreased to a near-unity value from the original 2.69. Given the results of
the MESA models from Chapter 2, this T-Lyr0 outcome is expected while the NSVS
0739 result is unexpected, as the latter initially suggests that the secondary star is
even more hyper-inflated than the original published value. Our IGRINS analysis
for NSVS 0739, however, presents a different possibility: that 1) the stars are larger
and more massive than their initial published values, 2) they are nearly equal-mass,
and 3) they are not inflated. These conclusions stem from our new radial velocity
analysis. In the next section, we discuss why our new IGRINS RVs produced such a
different result for NSVS 0739.
5.2 Radial Velocity Details
A possible cause for the hyper-inflated results in the C¸akırlı papers is the group’s
use of lower-resolution (∆λ
λ
= 7,000 compared to around 45,000 for IGRINS) spec-
tral observations that included the dominant Hydrogen-α line at 6563 A˚. Hα is a
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chromospheric emission line in both the sun and M dwarfs, and the optically thin
chromosphere is more visible at the limb of a star than at disk center (Figure 5.1).
This limb-brightening is observed because the line of sight passes through more chro-
mospheric material at the limb than at the center. As a result, for a rotating star
within an EB, the Hα line may be asymmetrically broadened. The chromosphere also
displays dynamics of stellar activity, such as prominences and flares, whose velocity
signatures do not correspond to the bulk motion of the star. These effects make
cross-correlation with a model spectrum more difficult and fail to provide accurate
radial velocities.
Our initial result for NSVS 0739, which relied on the C¸akırlı RVs, looked similar
to the published result even after using independent photometric data. Therefore, the
Hα RVs are the likely cause of the inflated radii. The dramatically different solution
to the system using our high-resolution IGRINS RVs supports this hypothesis. For T-
Lyr0, the sharp inclination of the system and resulting shallow eclipses are probably a
major cause of the original hyper-inflated result, but since the C¸akırlı group also used
Hα-based RVs for this system, the errors could have compounded. It is worth noting
that the primary star in T-Lyr0 is an F-type star. These less-active stars generally
have fewer confounding spectral features in Hα than M dwarfs, but nonetheless, the
RVs likely played a smaller but still significant role.
5.3 Conclusion
The two physical explanations for the hyper-inflated M dwarfs in NSVS
07394765 and T-Lyr0-08070 outlined in Chapter 2 were a young, still-collapsing sys-
tem and magnetic activity leading to reduced convection plus an inflated radius.
The first possibility was eliminated for NSVS 0739 through the creation of MESA
models showing that for the stars to have their published radii at present day, they
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Fig. 5.1 Hα image of the Sun from the NASA SOHO spacecraft showing the chromo-
sphere. The optical thinness of the chromosphere leads to a limb-brightened surface
in this wavelength.
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must have formed millions of years apart. This condition is impossible for binary
stars forming contemporaneously from the same gas cloud. For T-Lyr0, the MESA
result did not conclusively reject the possibility of a young system, but it did not
clearly support this possibility either. We also applied MESA models and the the-
ory outlined in Chabrier et al. (2007) to show that the maximum expected radius
for magnetically active M dwarfs is far below what C¸akırlı et al. published. This
result ruled out the possibility that high magnetic activity was accountable for the
M dwarfs’ hyper-inflation. Therefore, both known physical possibilities were called
into question before we undertook our re-analysis of each system.
This re-analysis initially had conflicting results: for T-Lyr0, we found using two
separate photometric eclipse models that the radius of the secondary M dwarf was
around 0.26 R, well below the published 0.86 R and falling within expectations
for a star around 0.25 M. These results also agree closely with the Fernandez
et al. (2009) analysis that predated the C¸akırlı paper. For NSVS 0739, however, we
determined that the published radius of 0.5 R was not far from our results of 0.417
and 0.410 R, for the Han and Muirhead models respectively.
Since the units of length in the solution to an eclipsing binary are derived from
radial velocities, it was possible that because we used the C¸akırlı et al. RVs, we
derived the same erroneous length scale that they did. A reduction and analysis of
high-resolution IGRINS spectra revealed that our new RVs at two different phase
points differed from the published values for NSVS 0739. In particular, the magni-
tudes of the difference between the first and second data points for the system’s RVs
are 18.25 km/s for the primary and 18.49 km/s for the secondary. This uniformity
suggests that the sinusoid forming the entire RV curve has nearly the same amplitude
for both primary and secondary, and that the mass ratio is one-to-one. Our accurate
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RV fit to these two data points corroborates this interpretation, placing the primary
R
M
at 0.94 and the secondary at 0.91.
The IGRINS radial velocity comparison suggests that problematic Hα RVs are
the cause of hyper-inflated results of C¸akırlı et al. We conclude that neither NSVS
0739 nor T-Lyr0 is hyper-inflated. For T-Lyr0, it is likely that the sharp inclination
of the system also misled the C¸akırlı eclipse analysis. For NSVS 0739, we conclude
that it has a larger total mass that is nearly equally divided among its two com-
ponents, which are likely early M dwarfs or even late K dwarfs. For these systems,
the Hα-derived radial velocities led to claims of hyper-inflation. This thesis under-
scores the importance of high-resolution infrared spectroscopy in the further study
of low-mass stars in eclipsing binaries. As the field of astronomy moves closer to a
comprehensive mass-radius-luminosity relation for M dwarfs, our results will be an
important contribution to constraining these connections.
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